Introduction {#S1}
============

Cells generate peptide-MHC class I complexes (pMHC I) to display their intracellular protein milieu for immune surveillance^[@R1]^. Normal cells present "self" pMHC I, which are not recognized by self-tolerant cytotoxic CD8^+^ T lymphocytes (CTLs), while infected or transformed cells present "foreign" pMHC I that activate appropriate CTLs ^[@R2]^. The nature of the peptide repertoire presented by MHC I molecules, and rapidly responding antigen-specific CTLs, are key determinants of immune surveillance.

Peptide-MHC I complexes are generated by the antigen processing pathway in a series of concerted steps^[@R3]^. Generally, antigen processing begins with the cleavage of protein precursors by the proteasome, followed by transport of peptides into the endoplasmic reticulum (ER) by the transporter associated with antigen processing (TAP). After transport, ERAAP, the ER aminopeptidase associated with antigen processing, trims N-terminally extended peptides to generate the final peptides presented by MHC I^[@R4]^. The peptides generated by this pathway can be presented by classical MHC I (MHC Ia) molecules as well as non-classical (MHC Ib) molecules^[@R5]^, although the role of ERAAP in generating peptides for presentation by MHC Ib molecules is unclear.

The MHC Ib molecules are closely related to the ubiquitous MHC Ia molecules H2-K, D and L (HLA-A, B and C in humans)^[@R5]^. An important difference is that MHC Ib molecules are not polymorphic---for example, there are only four known alleles of the mouse MHC Ib molecule Qa-1 (ref. [@R6]) and only two of its human analog, HLA-E^[@R6]^. Both MHC Ia and MHC Ib molecules loaded with appropriate peptides in the ER go to the cell surface as potential ligands for circulating CD8^+^ T cells or natural killer (NK) cells^[@R1],[@R3]^.

Immune evasion mechanisms frequently target key components of the antigen processing pathway to inhibit the formation and presentation of pMHC I ^[@R7],[@R8]^. Counter measures have therefore evolved to detect the failure of various components of the antigen-processing pathway. For example, inhibition of peptide transport by TAP causes the severe loss of pMHC I from the cell surface ^[@R9]^. The absence of pMHC I complexes results in loss of CD8^+^ T cell recognition, but allows activation of NK cells that are released from pMHC I-mediated inhibition^[@R7],[@R8]^. Similarly, immune responses can be inhibited or enhanced by changes in ERAAP activity. Expression of human ERAP1 is inhibited in tumor cells^[@R10]^, and human cytomegalovirus inhibits ERAP1 function by a microRNA-based mechanism^[@R11]^. Additionally, ERAP1 polymorphisms are associated with the autoimmune disorders ankylosing spondylitis and psoriasis^[@R12],[@R13]^. It is not known if and how the immune system senses defects in ERAAP function.

The loss of ERAAP function does not generally cause a large change in pMHC I expression on the cell surface^[@R14]-[@R16]^. Nevertheless, we, and others, have found that loss of ERAAP substantially alters the repertoire of peptides presented by MHC I^[@R15]-[@R17]^. CTLs are elicited in wild-type mice immunized with ERAAP-deficient cells and *vice versa*^[@R17]^, suggesting that CTL-mediated recognition of changes in the pMHC I repertoire might indicate ERAAP dysfunction. However, the pMHC I ligands expressed by ERAAP-deficient cells that activate CTLs remain undefined.

Here, we used T cells as probes to analyze the immunogenic pMHC I ligands expressed uniquely by ERAAP-deficient cells. We found that cells lacking ERAAP elicited CD8^+^ T cells specific for both classical pMHC Ia and non-classical pMHC Ib complexes. We identified the highly conserved FL9 peptide that is presented by the MHC Ib molecule Qa-1^b^ exclusively in ERAAP-deficient cells. Remarkably, we found that abundant antigen-experienced T cells, specific for the Qa-1^b^-FL9 complex, existed even in naïve wild-type mice, and expanded to yield cytotoxic effectors that rapidly eliminated cells lacking ERAAP *in vitro* as well as *in vivo*. Thus, non-classical MHC Ib molecules are sensors for defects in peptide processing in the ER.

Results {#S2}
=======

ERAAP-deficient cells present immunogenic MHC Ib ligands {#S3}
--------------------------------------------------------

The immune system efficiently detects differences between self- and non-self. Therefore, to identify immunologically significant changes caused by ERAAP deficiency, we immunized wild-type (C57BL/6J, H-2^b^) mice with MHC-matched spleen cells from ERAAP-deficient mice (^[@R14]^; referred to as ERAAP-KO in the text). We generated wild-type anti-ERAAP-KO CD8^+^ T cell lines by restimulating host spleen cells with ERAAP-KO antigen-presenting cells (APCs) *in vitro*. Similar to our earlier report^[@R17]^, CD8^+^ T cell lines generated from immunized mice responded strongly by producing interferon-γ (IFN-γ) and tumor necrosis factor (TNF) when cultured with ERAAP-deficient APCs compared to the background responses to self-APCs ([Fig. 1a,b](#F1){ref-type="fig"}, [Supplementary Fig. 1](#SD2){ref-type="supplementary-material"}). Comparable fractions (30% versus 25% on average) of the same CD8^+^ T cells responded to ERAAP-deficient cells that also lacked any classical H2-K^b^ or H2-D^b^ MHC Ia molecules (^[@R18]^; ERAAP-MHC Ia-TKO, [Fig. 1a,b](#F1){ref-type="fig"}). MHC I molecules were nevertheless required for the IFN-γ response because APCs lacking ERAAP as well as β~2~-microglobulin (β~2~m; β~2~m-ERAAP-DKO), an essential structural subunit all MHC I molecules^[@R19],[@R20]^, failed to stimulate the same wild-type anti-ERAAP-KO CD8^+^ T cells ([Fig 1b](#F1){ref-type="fig"}). Likewise, APCs deficient in ERAAP as well as the TAP transporter (^[@R9]^; TAP-ERAAP-DKO), also failed to stimulate the same CD8^+^ T cells ([Fig. 1b](#F1){ref-type="fig"}), demonstrating that their responses required peptide(s) transported into the ER. We therefore conclude that loss of ERAAP function results in the presentation of immunologically distinct peptides by MHC Ia and MHC Ib molecules to wild-type CD8^+^ T cells.

To further characterize those MHC Ib ligands expressed by ERAAP-deficient cells, we generated BEko8Z, a β-galactosidase (*LacZ*) inducible, monoclonal CD8^+^ T cell hybridoma, by fusing wild-type anti-ERAAP-KO CD8^+^ T cells with the BWZ.36/CD8α fusion partner^[@R21]^. The BEko8Z hybridoma produced lacZ when co-cultured with ERAAP-deficient, but not wild-type splenic APCs ([Fig. 1c](#F1){ref-type="fig"}, left). Consistent with our earlier observations ([Fig 1a](#F1){ref-type="fig"}), the BEko8Z ligand was expressed by ERAAP-deficient APCs and did not require expression of classical MHC Ia molecules ([Fig. 1c](#F1){ref-type="fig"}, middle). BEko8Z did not respond to ERAAP-deficient APCs that lacked β~2~m or TAP ([Fig. 1c](#F1){ref-type="fig"}). Thus, the BEko8Z hybridoma was specific for a TAP-transported peptide that was presented by a non-classical MHC Ib molecule exclusively on the surface of ERAAP-deficient cells.

Mice express a large number of non-classical MHC Ib molecules that serve as ligands for various innate as well as adaptive immune responses^[@R5]^. Among the three MHC Ib molecules known to present peptides, we considered H2-M3 the least likely because these molecules present N-formylated peptides that should be refractory to aminopeptidase activity of ERAAP. We tested the other two molecules, Qa-1 and Qa-2, as potential ligands for BEko8Z T cells. Splenocytes from Qa-2^null^ (B6.K1, ref. [@R23]) and Qa-1^b^-deficient (Qa-1-KO^22^) mouse strains were used as APCs, after treating them with leucinethiol, a potent inhibitor of aminopeptidases, including ERAAP (^[@R23]^; [Fig. 1d](#F1){ref-type="fig"}). The BEko8Z hybridoma responded to leucinethiol-treated splenocytes from wild-type as well as Qa-2^null^ B6.K1 mice, but failed to recognize untreated splenocytes, or those from Qa-1^b^-deficient mice ([Fig. 1d](#F1){ref-type="fig"}). The requirement for Qa-1^b^ was further confirmed when BEko8Z cells did not respond to APCs from mice with genetic deficiencies in both ERAAP and Qa-1^b^ expression (ERAAP-Qa-1-DKO; [Fig 1e](#F1){ref-type="fig"}). We conclude that BEko8Z T cells recognize a unique peptide presented by the Qa-1^b^ MHC Ib molecule by ERAAP-deficient APCs.

The FL9 peptide is presented by Qa-1^b^ to BEko8Z T cell {#S4}
--------------------------------------------------------

The Qa-1^b^ molecule is best known for presenting the Qdm peptide, derived from the ER translocation signal sequence of classical MHC Ia molecules^[@R24],[@R25]^. That the BEko8Z hybridoma recognizes ERAAP-MHC Ia-TKO APCs lacking H2-D^b^, which is the source of Qdm peptide in B6 mice, suggested that BEko8Z T cells were specific for a different peptide. Additionally, neither synthetic Qdm peptide (AMAPRTLLL) nor its N-terminally extended analogs were able to stimulate BEko8Z T cells (data not shown).

Next, we identified the naturally processed peptide presented by Qa-1^b^ to BEko8Z by screening cDNA libraries prepared from ERAAP-deficient cells^[@R26]^. To increase the efficiency of the screen, we first determined that CD11c^+^B220^-^ dendritic cells (DCs) from ERAAP-KO spleens were better APCs for stimulating BEko8Z than unfractionated spleen cells or other splenocyte subsets ([Supplementary Fig. 2](#SD2){ref-type="supplementary-material"}). A cDNA expression library was constructed using mRNA from splenic DCs isolated from ERAAP-KO mice treated with B16 cells expressing Flt3L^[@R27]^. The cDNA library was fractionated into small pools and transfected into Qa-1^b^-expressing L cells. Because the BEko8Z ligand was generated only in the absence of ERAAP, the transfected cells were treated briefly with leucinethiol to inhibit aminopeptidases, and then assessed for their ability to stimulate the BEko8Z T cell hybridoma. One of the 2880 pools screened stimulated the BEko8Z T cell hybridoma ([Fig. 2a](#F2){ref-type="fig"}). After re-screening 24 individual cDNA clones from this cDNA pool, three stimulatory clones were identified, and clone 23D9.15 was chosen for further analysis ([Supplementary Fig. 3](#SD2){ref-type="supplementary-material"}). BEko8Z T cells responded strongly to APCs co-transfected with the 23D9.15 and Qa-1^b^ cDNAs and treated with leucinethiol, compared to APCs treated with dithiothreitol (DTT) alone ([Supplementary Fig. 4](#SD2){ref-type="supplementary-material"}), suggesting that the 23D9.15 plasmid encoded the antigenic peptide. All the positive cDNAs encoded a "hypothetical protein" called Fam49b in the NCBI database (NM_144846).

The peptide-binding motif for Qa-1^b^ is unknown. Therefore, to identify the minimal antigenic peptide within the Fam49b protein, we tested a series of deletion constructs of the 23D9.15 cDNA for their ability to generate the BEko8Z ligand ([Fig. 2b](#F2){ref-type="fig"}). The antigenic activity was produced in cells transfected with the R1 and R4 fragments. In the next series of truncations of the R4 fragment, the C-terminal leucine in the R13 fragment was found to be absolutely essential for T cell stimulatory activity, as the R14 and R15 truncations lacking this leucine residue were unable to stimulate the T cell hybridoma ([Fig. 2c](#F2){ref-type="fig"}). The antigenic activity thus mapped to the C-terminus of the R13 fragment.

FL9 is naturally processed and presented by Qa-1^b^ {#S5}
---------------------------------------------------

To establish the identity of the antigenic peptide and define its precise N-terminal boundary, we tested a panel of synthetic peptides of varying lengths that all terminated at the same essential leucine residue ([Fig. 3a](#F3){ref-type="fig"}). The nine-residue FYAEATPML (FL9) or the ten residue LFYAEATPML (LL10) peptides were the most potent stimulators of BEko8Z T cells ([Fig. 3a](#F3){ref-type="fig"}). In contrast, further addition to, or deletion of one or two residues from the N-terminus of the FL9 peptide (11,12 and 8, 7-mers) resulted in marked loss of activity. Thus, the FL9 nonapeptide defined the minimum core sequence for stimulating BEko8Z T cells.

We analyzed cell extracts to define the naturally processed peptide recognized by the BEko8Z hybridoma. The extracts were fractionated by reverse-phase high performance liquid chromatography (RP-HPLC) and tested for the presence of antigenic activity. We took advantage of BEko8Z's ability to detect FL9 as well as its N-terminally extended 10, 11 and 12-mer analogs ([Fig. 3a](#F3){ref-type="fig"}). Each peptide eluted with a different retention time and could be readily distinguished from the others ([Fig. 3b](#F3){ref-type="fig"}). We co-transfected Qa-1^b^ expressing COS-7 cells with cDNA encoding the R13 fragment of Fam49b described in [Fig. 2b](#F2){ref-type="fig"} above ([Fig. 3c](#F3){ref-type="fig"}). Because generation of the final antigenic peptide from the Fam49b cDNA was greatly reduced in transfected cells when ERAAP function was not inhibited ([Supplementary Fig. 4](#SD2){ref-type="supplementary-material"}), we performed all subsequent experiments in the presence of ERAAP inhibition. Peptides were extracted from transfected cells after leucinethiol treatment to inhibit ERAAP, and fractionated by HPLC. The fractions were tested for their ability to stimulate BEko8Z in the presence of Qa-1^b^-expressing fibroblasts as APCs. A single peak of antigenic activity, corresponding to the synthetic FL9 peptide, was detected in HPLC fractionated R13-minigene expressing cells ([Fig. 3c](#F3){ref-type="fig"}). A peak with the same retention time was detected when Qa-1^b^ expressing COS-7 cells were transfected with a minigene encoding FL9 peptide alone ([Fig. 3d](#F3){ref-type="fig"}). Furthermore the antigenic activity was detected only in cells that expressed the restricting Qa-1^b^ MHC Ib molecule ([Fig. 3e](#F3){ref-type="fig"}). The requirement for the restricting MHC molecule for detection of antigenic activity is strikingly similar to that observed with naturally processed peptides presented by classical MHC Ia molecules^[@R28],[@R29]^. We conclude that the FL9 nonapeptide corresponds to the naturally processed peptide presented by Qa-1^b^ in the absence of ERAAP function.

The Qa-1^b^-FL9 complex is an immunodominant T cell ligand {#S6}
----------------------------------------------------------

The Qa-1^b^-Qdm complex (referred to as Qdm) is recognized by the CD94-NKG2A receptor expressed on NK cells and some activated T cells. To assess whether the FL9 peptide presented by the same Qa-1^b^ molecule (Qa-1^b^-FL9 complex: QFL) was also recognized by a subset of NK cells, we stained wild-type spleen cells with QFL tetramers obtained from the NIH tetramer core facility. In contrast to a distinct NKG2A^+^ population that bound the fluorescent Qdm tetramer, we did not detect binding of the QFL tetramer to either NKG2A^+^ or NKG2A^-^ subsets of NK cells ([Fig. 4a,b](#F4){ref-type="fig"}). We conclude that the QFL complex is a ligand for CD8^+^ T cells rather than NK cells.

We then determined the frequency of QFL complex-specific T cells in wild-type mice that respond to ERAAP-deficient cells. Spleen cells from wild-type mice immunized with ERAAP-KO cells were re-stimulated with ERAAP-KO cells *in vitro*. The response of QFL tetramer^+^ cells towards APCs deficient in ERAAP alone, or deficient in both ERAAP and MHC Ia, or both ERAAP and Qa-1^b^ was measured ([Fig 4c,d](#F4){ref-type="fig"}). A substantial fraction of wild-type CD8^+^ T cells producing IFN-γ in response to ERAAP-KO APCs also bound the QFL tetramer ([Fig. 4c,d](#F4){ref-type="fig"}). Likewise, a comparable fraction of CD8^+^ T cells producing IFN-γ in response to ERAAP-MHC Ia-TKO APCs were also tetramer^+^ ([Fig 4c,d](#F4){ref-type="fig"}). Interestingly, a large fraction of T cells producing IFN-γ in response to ERAAP-MHC Ia-TKO APCs did not bind the tetramer ([Fig 4c,d](#F4){ref-type="fig"}), suggesting that other pMHC Ib were also presented by these APCs. As expected, only background frequencies of IFN-γ-producing tetramer^+^ cells were detected when the T cells were stimulated with ERAAP-Qa-1-DKO APCs ([Fig. 4c,d](#F4){ref-type="fig"}). We conclude that the QFL complex is an immunodominant ligand recognized by CD8^+^ T cells in wild-type mice immunized with ERAAP-deficient cells, although other immunogenic MHC Ia and MHC Ib ligands were also detected. We refer to this QFL-specific T cell population as QFL T cells.

QFL T cells are abundant and antigen-experienced in naïve mice {#S7}
--------------------------------------------------------------

We assessed the abundance of QFL-specific cells in the spleens of naïve mice. Spleen cells were labeled with the QFL tetramers conjugated to two different fluorophores to increase specificity, followed by magnetic enrichment of tetramer^+^ cells, as described earlier for MHC Ia- and MHC II-restricted T cells (^[@R30]-[@R32]^; [Fig. 5a,b](#F5){ref-type="fig"}). On average, 1030 QFL-specific T cells were detected in a naïve wild-type spleen, suggesting that QFL-specific T cells were present at a frequency of \~1:10^4^ in naïve wild-type spleens. Enrichment of CD8^+^ T cells with the tetramer was specific, since the number of CD4^+^ tetramer^+^ cells enriched from wild-type mice were two orders of magnitude lower than the corresponding numbers of CD8^+^ tetramer^+^ cells ([Supplementary Fig. 5](#SD2){ref-type="supplementary-material"} and [Fig. 5a,b](#F5){ref-type="fig"}). On the other hand, the spleens of TAP-deficient mice contained less than 5% of the number of QFL-specific cells found in wild-type spleens ([Fig 5a,b](#F5){ref-type="fig"}). Most remarkably, QFL-specific cells were also found in mice lacking Qa-1^b^ expression, but only at about 30% of the numbers in wild-type spleens ([Fig 5a,b](#F5){ref-type="fig"}). The frequency of QFL-specific cells was higher than that of typical pMHC Ia specific precursors, which range from 1:10^4^ to 1:10^5^ in combined spleens and lymph nodes of naïve mice^[@R31],[@R33]^, compared to the numbers measured here in spleens alone. We conclude that QFL-specific CD8^+^ T cells that recognize the Qa-1^b^-FL9 complex are relatively abundant in normal wild-type mice. Furthermore, although TAP transport of antigenic peptides was crucial, the restricting Qa-1^b^ molecule was not absolutely essential for the development of QFL cells, indicating that other MHC I molecules can also support development of QFL-specific cells.

QFL-specific T cells in naïve wild-type mice expressed markers of antigen-experience. The majority of tetramer^+^ cells expressed the memory markers CD44 and the interleukin 2 receptor β chain CD122 ([Fig. 5c](#F5){ref-type="fig"}, data not shown), compared to about 20% of total CD8^+^ T cells in the wild-type spleen that expressed CD44 and CD122 ([Fig. 5c,d](#F5){ref-type="fig"}, data not shown). In contrast, the majority of tetramer^+^ cells in Qa-1-KO mice did not express the antigen-experienced CD44^hi^CD122^+^ phenotype seen in wild-type mice ([Fig. 5c,d](#F5){ref-type="fig"}, data not shown). The fraction of tetramer^+^ cells in Qa-1-KO mice that were also CD44^hi^ was comparable to the fraction of total CD8^+^ T cells in the same mice that were CD44^hi^ at steady state ([Fig. 5d](#F5){ref-type="fig"}). Thus, although the development of QFL-specific cells in Qa-1^b^-deficient mice did occur at a somewhat lower efficiency, the acquisition of the antigen-experienced CD44^hi^ phenotype was absolutely dependent upon Qa-1^b^ expression.

QFL T cells expand in response to ERAAP-deficient cells {#S8}
-------------------------------------------------------

MHC Ib-restricted T cells participate in primary immune responses in a variety of situations, but are not thought to generate strong secondary responses^[@R34]-[@R36]^. To determine how QFL-specific T cells respond to ERAAP-deficiency, wild-type mice were immunized with ERAAP-KO cells, and the frequency of QFL-specific T cells was measured *ex vivo* by tetramer staining. We analyzed animals either ten days after challenge, during the effector phase of the response, or 8 or 12 weeks post-challenge, during the memory phase. QFL-tetramer^+^ CD8^+^ T cells expanded during the effector phase in wild-type mice challenged with ERAAP-KO cells ([Fig 6a,b](#F6){ref-type="fig"}). Importantly, memory QFL-specific T cells could also be clearly detected in wild-type mice 8-12 weeks after the initial priming with ERAAP-KO cells ([Fig. 6a,b](#F6){ref-type="fig"}). Spleen cells from the same mice were restimulated with the FL9 peptide directly *ex vivo*, and intracellular cytokine staining for IFN-γ showed that both effector and memory QFL-specific T cells were readily activated ([Fig. 6c,d](#F6){ref-type="fig"}). The activation and expansion of these cells was specific to challenge with ERAAP-KO cells, as they were not detected at comparable frequencies in naive mice ([Fig. 6](#F6){ref-type="fig"}), or in mice challenged with wild-type cells (not shown). The results shown in [Fig. 6](#F6){ref-type="fig"} are from mice that were not re-challenged prior to measuring memory responses, and show that QFL-specific memory T cells had expanded and were maintained at high frequencies following a single encounter with ERAAP-KO cells. We conclude that, in contrast to other pMHC Ib-restricted T cells^[@R34]-[@R36]^, T cells specific for the QFL ligand form functional memory cells upon encountering ERAAP-KO cells.

MHC Ib-specific T cells eliminate ERAAP-deficient cells {#S9}
-------------------------------------------------------

We hypothesized that ERAAP^-/-^-specific CD8^+^ T cells elicited in wild-type mice may carry out immune surveillance of ERAAP deficiency. We tested whether CD8^+^ T cells from immunized wild-type mice were capable of eliminating ERAAP-deficient target cells. Indeed, wild-type anti-ERAAP-KO CTLs, generated as in [Fig. 1a](#F1){ref-type="fig"}, were cytotoxic and efficiently killed both ERAAP-KO as well as ERAAP-MHC Ia-TKO target cells *in vitro* ([Fig. 7a](#F7){ref-type="fig"}). Furthermore, wild-type anti-ERAAP-KO CTLs also killed RMA tumor cells that were treated for 5h with leucinethiol to inhibit ERAAP, but did not kill leucinethiol-treated TAP-deficient, RMA/s cells ([Fig. 7b](#F7){ref-type="fig"}). Interestingly, B16 melanoma cells transfected with a minigene encoding the FL9 peptide, but not untransfected B16 cells, were also effectively killed by wild-type anti-ERAAP-KO CTLs ([Fig. 7c](#F7){ref-type="fig"}), despite the absence of ERAAP inhibition. Thus, expression of FL9 is both necessary and sufficient for elimination of target cells. We conclude that wild-type CTLs, elicited by ERAAP-deficient cells, were capable of detecting and eliminating ERAAP-deficient or FL9-presenting cells.

To assess whether ERAAP-deficient cells could also be eliminated *in vivo*, wild-type mice were injected with a mixture of self- and ERAAP-KO cells labeled with two different concentrations of the intracellular dye CFSE. The input cells could therefore be distinguished from each other and from unlabeled host cells by flow cytometry ([Fig. 7d](#F7){ref-type="fig"}, left). Both self- and ERAAP-deficient fluorescent cells were recovered from naive mice in approximately the same 1:1 ratio as the input cell mixture. In contrast, ERAAP-KO cells were specifically rejected without affecting the recovery of self-cells by wild-type mice primed with ERAAP-deficient cells 7 days earlier ([Fig. 7d](#F7){ref-type="fig"}). As expected, ERAAP-MHC Ia-TKO cells were also rejected with comparable efficiency in primed mice. Notably, the elimination or loss of target cells required CD8^+^ rather than CD4^+^ cells because mice depleted of CD8^+^ cells no longer rejected the ERAAP-KO targets, unlike mice depleted of CD4^+^ cells, which did ([Fig. 7e](#F7){ref-type="fig"}). In contrast to another study that suggested a role for NK cells in rejecting ERAAP-deficient cells^[@R37]^, we did not detect a role for NK cells in our experiments with mice depleted of NK1.1^+^ cells ([Fig. 7b](#F7){ref-type="fig"}). We conclude that ERAAP deficiency elicits a potent MHC Ib-restricted CD8^+^ T cell response in wild-type mice that effectively eliminates ERAAP-deficient cells *in vitro* as well as *in vivo*.

Discussion {#S10}
==========

The pMHC I repertoire is the immune system's window into the state of the cellular proteome. Immune evasion mechanisms often target the antigen processing pathway to inhibit the presentation of pMHC I. Immune surveillance mechanisms in turn detect defects in pMHC I presentation. Here, we describe an MHC Ib-restricted CD8+ T cell mechanism that senses normal antigen processing in the ER.

Immune responses are influenced by alterations in ERAAP activity. A microRNA encoded by human cytomegalovirus specifically targets the predominant human ERAAP isoform (hERAP1) ^[@R11]^. Loss of hERAP1 function inhibits presentation of viral epitopes and likely contributes to the chronic infections established by HCMV. Likewise, changes in ERAAP expression in tumors might lead to the activation of NK cells ^[@R37]^. Finally, polymorphisms in hERAP1 have been found to be associated with two autoimmune disorders, ankylosing spondylitis and psoriasis ^[@R12],[@R13]^. Thus, impaired ERAAP function can cause various immune disorders.

Analysis of the MHC I-bound peptide pool in ERAAP-deficient cells has shown a clear shift towards presentation of N-terminally extended as well as unique peptides by MHC Ia molecules ^[@R14]-[@R17],[@R38]^. Here, we show that the changes in the pMHC I repertoire in ERAAP-KO cells also extend to MHC Ib molecules. Furthermore, the new pMHC Ib ligands on ERAAP-KO cells are immunodominant, inducing a large fraction of WT anti-ERAAP-KO CD8 T cells. An earlier study by our group ^[@R17]^ did not detect an MHC Ib-specific response of this magnitude; although, a small fraction of WT anti-ERAAP-KO CTLs in that study were activated by MHC Ia-deficient APCs. These differences in relative abundance of MHC Ia and MHC Ib restricted CTLs may arise from differences in the *in vitro* restimulation culture conditions. Also, in this study, the Qa-1-FL9 tetramer allows direct measurement of the ligand-specific CTLs.

We identified Fam49b as the source of the antigenic peptide presented by Qa-1^b^ in ERAAP-deficient cells. Fam49b is highly conserved in vertebrates---from zebra fish to humans---and appears to be ubiquitously expressed (EBI gene atlas; <http://www.ebi.ac.uk/gxa/gene/ENSMUSG00000022378>), although its function is unknown. Intriguingly, expression of *FAM49B* transcripts has been detected at high levels in patients with relapsing multiple sclerosis, and in non-small cell lung cancer tissues ^[@R39],[@R40]^. We suggest, therefore, that presentation of the FL9 peptide by Qa-1^b^ could be a highly conserved mechanism for detecting ERAAP deficiency.

We used the QFL tetramer to characterize lymphocytes specific for this ligand. We were unable to detect NK cells specific for the QFL tetramer, in contrast to the readily detectable Qdm-specific subset of NKG2A+ NK cells. However, a large fraction of the CD8 T cells elicited by ERAAP-deficient cells were QFL tetramer^+^. Using QFL tetramers, we also enriched a sizeable number of QFL CD8 T cells from naïve WT mice, suggesting that these cells were present at a relatively high frequency. Intriguingly, even in naive mice, QFL T cells had an antigen-experienced, CD44^hi^CD122^hi^ phenotype, similar to other innate-like MHC Ib-specific T cells, such as natural killer T and mucosa-associated invariant T MAIT cells ^[@R41]^. Whether QFL T cells share other developmental and functional characteristics with these innate-like effectors is not known.

Surprisingly, we discovered tetramer^+^ QFL T cells in Qa-1^b^-deficient mice, albeit at a lower frequency than in wild-type mice. We did not, however, detect QFL tetramer+ cells in TAP- or β~2~m-deficient mice, suggesting that QFL T cells require the presentation of peptides by an MHC Ib molecule other than Qa-1^b^ for development. Remarkably, acquisition of the antigen-experienced phenotype did require Qa-1^b^ expression, because QFL T cells in naïve Qa-1^b^-deficient mice did not constitutively express CD44 or CD122. MHC class Ib-restricted T cells generally display an antigen-experienced phenotype in naïve mice, possibly because they are selected by APCs of hematopoietic origin ^[@R42],[@R43]^. Our observations show that QFL T cells only express markers of antigen-experience on encountering Qa-1^b^ presented peptides. An interesting implication of these findings is that QFL T cells may have encountered their ligand even in naïve mice. Because the FL9 peptide is exclusively produced in ERAAP-deficient cells, the Qa-1^b^-FL9 complex or a cross-reactive ligand might have been generated during a transient ERAAP deficiency in wild-type mice---caused, perhaps, by natural transformation events, endogenous viruses or commensal microbes.

CD8 T cells elicited by immunization with ERAAP-deficient cells eliminated both MHC Ia- and MHC Ib-expressing targets cells lacking ERAAP. WT anti-ERAAP-KO T cell lines also killed ERAAP-inhibited tumor cells and ERAAP-sufficient cells expressing FL9, suggesting that expression of this pMHC Ib complex is sufficient for the elimination of target cells. QFL T cells expanded robustly in response to a single challenge with ERAAP-KO cells, and unusually for a pMHC Ib-specific response, also formed stable memory T cells that retained their effector function without rechallenge. QFL T cells might therefore have the capacity to mediate long-term immune surveillance of ERAAP deficiencies. QFL complexes are rapidly presented, by APCs treated for five hours with an ERAAP inhibitor. QFL complexes are also a specific sign of ERAAP dysfunction, and are not presented by TAP-deficient cells, unlike the Qa-1-associated peptides isolated from TAP-deficient cells described in a recent study ^[@R44]^. Thus, the peptides presented by Qa-1^b^ reflect the state of the antigen-processing pathway.

In conclusion, ERAAP deficiency results in the presentation of a highly conserved pMHC Ib complex, Qa-1^b^-FL9, on the cell surface. Abundant antigen-experienced Qa-1^b^-FL9 specific CD8+ T cells exist in naïve mice, expand and effectively eliminate ERAAP-deficient cells. This response appears to combine the best of both worlds---the exquisite specificity of adaptive immunity and the rapid responsiveness of the innate immune system.

Methods {#S11}
=======

Mice {#S12}
----

ERAAP-KO mice (B6.129.*Arts1*^tm1Ucb^) have been previously described. ERAAP-MHC Ia-TKO, ERAAP-TAP-DKO, ERAAP-β~2~m-DKO and ERAAP-Qa-1-DKO mice were generated in our facility by crossing ERAAP-KO mice with H2-K^b^-H-2D^b^-deficient, TAP1-deficient, β~2~m-deficient and Qa-1^b^-deficient mice, respectively. WT C57BL/6J, Qa-2-deficient B6.K1 and β~2~m-deficient mice were either purchased from the Jackson Laboratory or bred in our facility. H2-T23-deficient Qa-1-KO mice were generated in the laboratory of H. Cantor (Harvard University) and were the kind gift of E. Engleman (Stanford University). Mice were housed and all procedures carried out with the approval of, and in accordance with, the institutional animal care guidelines of the University of California Berkeley.

Antibodies, cell lines and peptides {#S13}
-----------------------------------

Antibodies for flow cytometry were obtained from BD Biosciences (CD8α (53-6.7), CD4 (RM4-5), B220 (RA36B2), TCRβ (H57-597), CD44 (IM7), NK1.1 (PK136), Qa-1^b^ (6A8.6F10.1A6), CD11c (HL3), H2-K^b^ (AF6-88.5), H2-D^b^ (KH95), I-A^b^ (25-9-17), IFN-γ (XMG1.2) and TNF (MP6-XP22)) and eBioscience (NKG2A (20D5)). Antbodies used to deplete cells *in vivo* were from the UCSF Cell Culture Facility. All peptides were synthesized by D. King (UC Berkeley). Qa-1^b^-expressing L and COS cells were made by stably transducing Lmtk- and COS-7 cells respectively with lentiviral vectors expressing Qa-1^b^ (kind gift of H. Cantor, Harvard University). B16.FL9 cells were made by transfecting B16.BL6 cells with a plasmid encoding the FL9 minigene and neomycin resistance. Stable cells lines were derived from single cells by limiting dilution in G418 selection.

CTL and T cell activation assays {#S14}
--------------------------------

WT CTL lines that recognize ERAAP-deficient cells were generated by immunizing C57BL/6J mice once with 2 × 10^7^ ERAAP-KO spleen cells intraperitoneally. Spleens were harvested from immunized mice ten days after immunization. 5 × 10^6^ responder spleen cells were restimulated *in vitro* with an equal number of irradiated ERAAP^-/-^ spleen cells and 20 U/ml of recombinant human IL-2 (BD Biosciences) per well in 24-well plates. T cells were used for IFN-γ assays six days after restimulation, and for *in vitro* cytotoxicity assays five days after restimulation. To measure intracellular IFN-γ, CTL lines were harvested and stimulated for 5 h with CD4- and CD8-depleted LPS-stimulated spleen APCs of the indicated genotypes. Golgi-Plug (BD Biosciences) was added for the latter 4 h of the incubation period. Cells were then stained first with surface markers, or with tetramers followed by other surface markers, fixed, permeabilized and stained for intracellular IFN-γ. For *ex vivo* analysis of IFN-γ production, spleen cells were harvested from immunized mice and plated in 96-well plates with 1 μM of the indicated peptides for 5 h in the presence of Golgi-Plug. The cells were then stained as described.

Hybridomas and expression cloning {#S15}
---------------------------------

WT anti-ERAAP-KO CTL lines were harvested 4 d after *in vitro* restimulation and fused to the CD8^+^TCRαβ^−^ cell line BWZ.36 that expresses a TCR-inducible *lacZ* gene. Putative positive clones were screened using LPS-stimulated ERAAP^-/-^ spleen cells as APCs, and positive wells were subcloned by limiting dilution to obtain clones derived from a single cell. Once a stable hybridoma BEko8Z was established, it was used to screen cDNA libraries, as described in Sanderson *et al*^[@R45]^. ERAAP^-/-^ mice were immunized subcutaneously with 3 × 10^6^ Flt3L-secreting B16 melanoma cells, as described by Mach *et al*^[@R27]^. Two weeks later, their spleens were harvested and blasted overnight with 200ng/ml LPS (Sigma Aldrich). CD11c+ cells were enriched using CD11c microbeads followed by magnetic enrichment using LS columns (Miltenyi Biotec). The enriched cells were pelleted, frozen, then homogenized using a rotor-stator homogenizer. mRNA was isolated using the Oligotex mRNA isolation kit from Qiagen. cDNA was synthesized and cloned into pCMV-SPORT6 using the SuperScript Plasmid kit from Invitrogen, and transformed into bacteria. Plasmid DNA was isolated from bacterial cultures grown in 96-well plates and used to transfect Qa-1^b^-expressing L cells. 15 μM leucinethiol in 500 μM DTT was added 42 h later, and BEko8Z hybridoma cells added 6 h after that and incubated overnight. T cell activation was detected by the colorimetric cleavage of chlorophenylred-β-D-galactopyranoside (CPRG; Roche) by TCR-induced β-galactosidase. When a positive well was detected, 1 μl of cDNA from the well was transformed in bacteria and plasmid DNA isolated from multiple individual colonies. Each of the individual cDNAs was transfected into Qa-1^b^-expressing L cells. The positive cDNAs were sequenced and identified. Progressive truncations were made in the coding region of Fam49b using nested PCR primers, cloned into pcDNA1, and their activity tested by transfection into Qa-1^b^-expressing L cells. Once the candidate region was narrowed down to region 13, and the final leucine was determined to be essential, N-terminally extended peptides were synthesized and tested. The minigenes were cloned in the pcDNA1 expression vector, and were designed to encode the desired amino acid sequence with an ATG initiation codon. The FL9 minigene, for example, encodes Met-FL9 (MFYAEATPML) amino acid sequence.

Enrichment of tetramer^+^ cells {#S16}
-------------------------------

Qa-1^b^-FL9 tetramers were synthesized by the NIH tetramer core facility. Tetramer^+^ cells were enriched as previously described by Moon *et al*^[@R32]^. Briefly, spleens from the indicated mice were harvested and homogenized using nylon filters. RBCs were lysed, and the cells resuspended in 200 μl of sorter buffer (PBS+0.1%sodium azide+5% FCS). PE- and APC-labeled Qa-1^b^-FL9 tetramers were added at a final dilution of 1:200. The cells were incubated for 30 min at 23°C, washed, resuspended in 0.45ml of sorter buffer. 50 μl of anti-PE microbeads (Miltenyi Biotec) were added to each sample and incubated for 15min at 4-8°C. Cells were washed and PE-labeled cells isolated by passing the cells over an LS magnetic column (Miltenyi Biotec). The entire positively selected fraction was collected and stained with antibodies to B220, CD4, CD8α, TCRβ and CD44. Tetramer^+^ cells were gated as B220^-^CD4^-^CD8α^+^TCRβ^+^PE Tet^+^ and APC Tet^+^. A fixed number of CountBright beads (Invitrogen) were added to each sample to allow the measurement of cell numbers, and the samples acquired on a BD LSR II.

RP-HPLC {#S17}
-------

COS-7 or Qa-1^b^-expressing COS cells were transfected with cDNA encoding either Fam49b region 13, or a minigene encoding the FL9 peptide. 15 μM leucinethiol in 500 μM DTT was added 42 h later. After 5 h of leucinethiol treatment, the cells were harvested and peptides extracted using 10% acetic acid. Extracts were filtered through a 10 kDa exclusion filter, and all the material \<10 kDa was fractionated using a C18 reversed-phase HPLC column (Grace Vydac). The fractionated material was collected in 96-well plates and lyophilized. 5 × 10^4^ Qa-1^b^-expressing L cells and 1 × 10^5^ BEko8Z cells were added to each well and incubated overnight at 37°C. The presence of activating peptide was detected the following day using colorimetric conversion of CPRG. 1 pmole of the indicated synthetic peptides were also run during the same experiment and detected in the same way.

Killing assays {#S18}
--------------

For *in vitro* cytotoxicity assays, the cells used as targets were labeled with the dye PKH26 (Sigma Aldrich), counted, and plated. Effector CTL lines were harvested and added at the indicated effector:target ratios and incubated at 37 °C for 1 h 45 min, after which the dye YoPRO-1 (Invitrogen) was added to a final concentration of 1 μM, to visualize apoptotic cells. The cells were washed, and visualized on a flow cytometer. Apoptotic targets were measured as those cells that were both PKH26^+^ and YoPRO-1^+^. The percentage of apoptotic targets were calculated as 100\*(%PKH26+YoPRO-1+~E:T=X~---%PKH26+YoPRO-1+~E:T=0~)/(100---%PKH26+YoPRO-1+~E:T=0~).

For *in vivo* cytotoxicity assays, WT B6 and ERAAP^-/-^ spleen cells were harvested and labeled with 0.25 μM and 2.5 μM of carboxyfluorescein-succinimidyl ester (CFSE, Invitrogen) respectively. 5 × 10^6^ each of WT (CFSE^low^) and ERAAP^-/-^ (CFSE^high^) cells were mixed and the relative ratio of each measured immediately prior to injection. This ratio is called the input ratio. Targets were injected intravenously into either naïve mice, or mice that had been primed 7 days prior with ERAAP^-/-^ spleen cells intraperitoneally. Spleens from injected mice were harvested 24 h later and the ratios of CFSE^lo^ to CFSE^hi^ cells measured by flow cytometry. The "Targets lost (%)" in a sample was calculated as 100---100\*(Fraction CFSE^hi^/Input Fraction CFSE^hi^), where fraction CFSE^hi^ was calculated as %CFSE^hi^/(%CFSE^hi^+%CFSE^lo^). Mice that received ERAAP-MHC Ia-TKO cells as targets were depleted of NK cells with 200 μg of anti-NK1.1 (PK136) antibody 36 h prior to challenge. In experiments where the role of CD4^+^ and CD8^+^ cells were measured, the indicated cells were depleted using 200 μg of anti-CD8 (YTS169.4) or anti-CD4 (GK1.5) 24 h prior to challenge.

Statistcal Analyses {#S19}
-------------------

All statistical analyses were carried out using GraphPad Prism. Non-parametric Mann-Whitney U tests were used to estimate statistical significance.
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![Wild-type CD8 T cells respond to pMHC Ia and pMHC Ib complexes expressed by ERAAP-deficient cells\
**(a-b)** Spleen cells from C57BL/6J (WT) mice, immunized with ERAAP^-/-^ splenocytes, were restimulated *in vitro* to generate cytotoxic T lymphocyte (CTL) lines. IFN-γ production by the CTL lines was measured after incubation with the indicated splenic APCs. **(a)** Representative flow cytometry plots show IFN-γ produced by WT anti-ERAAP-/- CTLs. Numbers indicate % of IFN-γ^+^ cells among all the CD8^+^ cells in the sample. **(b)** The percentage of CD8^+^IFN-γ^+^ cells in cultures of individual immunized mice. Each symbol represents one mouse. One representative of three independent experiments is shown. **(c-e)** The lacZ response of BEko8Z hybridoma cells to the indicated LPS-stimulated spleen cells used as APCs. In **(d)** LPS-stimulated spleen cells were treated with the aminopeptidase inhibitor, leucinethiol and the BEko8Z hybridoma response measured. Data shown is representative of three independent experiments.](nihms360929f1){#F1}

![The Fam49b gene is the source of a new antigen presented by Qa-1^b^ in the absence of ERAAP function\
**(a)** cDNA pools were transfected into Qa-1^b^-expressing L cells, ERAAP function inhibited and BEko8Z hybridoma responses measured. One cDNA pool in plate 23 contained the antigenic activity. **(b)** A schematic of the clone 23D9.15 showing the Fam49b gene and the locations of the PCR primers used to make truncations. Truncations take the name of the reverse PCR primer used. The BEko8Z stimulatory activity was in region 13 (R13). The locations of PCR primers used to establish the C-terminus of the final peptide are shown on the amino acid sequence of R13. The indicated minigenes were tested as described for panel **a.** Data is graphed as Mean±SEM, of transfections done in duplicate. One representative of two experiments is shown.](nihms360929f2){#F2}

![The nonamer FL9 is the naturally processed peptide presented by Qa-1^b^ molecules\
**(a)** Progressively N-terminally extended synthetic peptides from the Fam49b R13 fragment were added to Qa-1^b^- L cells and tested for their ability to activate BEko8Z. **(b)** Synthetic FL9, and its N-terminally extended analogs were fractionated on a C18 RP-HPLC column and eluted using a 10-70% acetonitrile gradient. The presence of antigenic activity was assayed by BEko8Z activation. **(c)** Qa-1^b^-expressing COS-7 cells were transfected with the R13 minigene, or **(d)** a minigene encoding the FL9 peptide, and peptide extracts were fractionated as above. Arrows indicate the peak fractions for the indicated peptides. **(e)** COS-7 cells that did not express Qa-1^b^ were transfected with the R13 minigene, and analyzed as above. One representative of three experiments is shown in all panels.](nihms360929f3){#F3}

![The Qa-1^b^-FL9 complex is an immunodominant T cell ligand\
**(a)** Spleen cells from naïve mice were labeled with Qa-1^b^-Qdm or Qa-1^b^-FL9 tetramers together with markers for other spleen cell populations. Representative flow cytometry plots show tetramer labeling on gated B220^-^NK1.1^+^TCRβ^-^ cells. **(b)** The mean fluorescent intensity of tetramer staining of NKG2A^+^NK1.1^+^TCRβ^-^ cells of six individual mice. Data shown is the mean±SEM. **(c)** WT anti-ERAAP^-/-^ CTL lines were generated, and IFN-γ production measured in response to the indicated T cell-depleted splenic APCs. Cells were labeled with Qa-1^b^-FL9 tetramers prior to intracellular IFN-γ staining. Representative flow cytometry plots of IFN-γ production by tetramer^+^ cells, gated on CD8^+^CD4^-^ cells, are shown. The numbers indicate the % of tetramer^+^IFN-γ^+^ cells in the CD8^+^CD4^-^ population. **(d)** The fraction of tetramer^+^ cells among CD4^-^CD8^+^IFN^-^γ^+^ cells in these experiments was measured. The mean±SEM shown were from two independent experiments with three mice per group.](nihms360929f4){#F4}

![Qa-1^b^-FL9-specific T cells are antigen experienced in naïve mice\
Spleen cells from naïve mice were stained with Qa-1^b^-FL9 tetramers labeled with two different fluorophores. Tetramer^+^ cells were enriched magnetically and counted during flow cytometry measurements. **(a)** Representative flow cytometry plots showing tetramer+ populations from WT, TAP-KO and Qa-1-KO mice before and after enrichment. The numbers indicate the average number of tetramer^+^ cells isolated from the indicated spleens. **(b)** The numbers of tetramer^+^ cells per spleen of the indicated mice. Each symbol represents one indivdual mouse. Data are pooled from six independent experiments. \* *P* = 0.0043, \*\**P* = 0.0007. **(c)** Representative flow cytometry plots showing the percentage of enriched tetramer^+^ cells from WT and Qa-1-KO mice that express CD44. **(d)** The percentage of isolated tetramer^+^ cells that express CD44 compared to the percentage of total CD8^+^ cells in the same spleens, prior to enrichment, that also express CD44 are compared. Pooled data from six experiments are shown. Data shown as the mean±SEM](nihms360929f5){#F5}

![Qa-1^b^-FL9-specific effector and memory T cells are generated in response to ERAAP^-/-^ cells\
WT mice were immunized with ERAAP-KO cells and their spleens harvested 10 days later for the analysis of effector responses and either 8 or 12 weeks later for memory responses. **(a)** The frequency of tetramer^+^ cells was measured directly *ex vivo* either ten days or eight weeks post-immunization. Representative flow cytometry plots showing the frequency of PE- and APC-tetramer double-positive cells. Numbers indicate the percentage of double tetramer^+^ cells in the B220^-^CD4^-^CD8^+^ population **(b)** Pooled frequencies of tetramer^+^ cells from three mice per group. **(c)** IFN-γ production in response to the FL9 peptide was measured directly *ex vivo* 12 weeks after immunization. Representative flow cytometry plots showing IFN-γ production by B220^-^ CD4^-^CD8^+^ cells are shown. The numbers indicate the percentage of IFN-γ^+^CD8^+^ cells in the B220^-^CD4^-^ population. **(d)** Pooled frequencies of IFN-γ^+^ cells from three mice per group. Data shown as the mean±SEM. One representative of three experiments is shown.](nihms360929f6){#F6}

![WT CTLs specifically eliminate ERAAP-KO cells expressing novel pMHC Ib complexes\
**(a)** Spleen cells from the indicated mice were used as targets for WT anti-ERAAP-KO CTLs. Pooled data from three independent experiments and a total of 12 mice are shown. **(b)** RMA or TAP-deficient RMA/s cells were treated with leucinethiol to inhibit ERAAP function and used as targets for CTLs. **(c)** B16 melanoma cells, either stably expressing FL9 or not, were used as targets for WT anti-ERAAP-KO CTLs. One representative of three independent experiments is shown. **(d)** WT, and either ERAAP-KO or ERAAP-MHC Ia-TKO spleen cells were labeled with 0.25 μM and 2.5 μM, respectively, of the dye CFSE and injected into primed or naïve WT mice. Representative flow cytometry plots in the left panel show rejection of CFSE^hi^ ERAAP-KO targets in primed mice. Pooled results of three independent experiments are shown in the right panel, \**P* \< 0.0001 \*\**P* \< 0.0005. Data shown as the mean±SEM **(e)** In experiments as described above, CD4^+^ or CD8^+^ cells were depleted 24 h prior to challenge. Pooled results from two independent experiments are shown. Data shown as the mean±SEM.](nihms360929f7){#F7}
